Cobalt oxide (CoO) films epitaxially grown on Ir(100) in (111) orientation were investigated by means of quantitative low-energy electron diffraction and scanning tunneling microscopy. We find with high crystallographic precision that in the bulk of the films the rocksalt structure prevails while near the surface there is a switch towards the wurtzite structure. As a consequence, nanosized CoO cannot be considered as a single structural phase. The film surfaces prove to be metallic, apparently connected with polarity compensation. DOI: 10.1103/PhysRevLett.101.016103 PACS numbers: 68.47.Gh, 61.30.Hn, 61.46.Hk, 68.37.Ef Recently, nanosized transition-metal oxides have attracted attention because of their unusual properties, in particular, the magnetic and catalytic ones. Among these materials cobalt oxide of 1:1 stoichiometry (CoO), which as bulk material is antiferromagnetic in its native rocksalt structure, has gained special interest. So, as an example, it beats the superparamagnetic limit of small cobalt clusters by enclosing them with a shell of CoO [1], an effect due to the magnetic exchange coupling of ferromagnetic cobalt with antiferromagnetic CoO. Moreover, wurtzite-type CoO has been prepared and investigated as an ''end-member'' of the solid solution Zn 1ÿx Co x O [2], which is of particular interest as such transition-metal-substituted semiconductors can exhibit ferromagnetism with up to high Curie temperatures [3, 4] . This wurtzite-type CoO is metastable and could be prepared only in small clusters (<20 nm) containing, however, still impurities of Co [2] . For the impurity free material, density functional theory (DFT) calculations including electron correlations, found antiferromagnetic spin ordering similar to rocksalt-type CoO [5, 6] .
investigated such films for different thicknesses by scanning tunneling microscopy (STM) and low-energy electron diffraction (LEED), in particular, by analysis of the diffraction intensities. The investigations were carried out within a two-stage ultrahigh vacuum (UHV) apparatus [12] . One of the vessels hosts a homemade four-grids LEED optics and the other a commercial beetle-type STM with easy transfer between the two parts. STM images could be taken only for the sample at room temperature. LEED intensity vs energy spectra, IE, were measured using a computer controlled video method [13] .
The cobalt oxide films were prepared by reactive deposition of Co, i.e., under simultaneous O 2 flux, followed by annealing. An electron-beam evaporator supplied with highly purified Co was used for metal deposition. It was operated at a deposition rate of about 1 ML= min (as controlled by a quartz microbalance) and a sample temperature of about 50 C (1 ML Co corresponds to a coverage of 1:36 10 15 cm ÿ2 on Ir100 ÿ 1 1). A doser in front of the sample was used to establish the simultaneous oxygen flux according to an increased local oxygen pressure near the sample estimated to be about 10 ÿ5 mbar. In this way oxide films of various thicknesses equivalent to amounts of Co in the range of about N Co 5-50 MLE (monolayer equivalents) were formed. They were annealed at first at about 250 C for 2 min at a local oxygen pressure of again 10 ÿ5 mbar and eventually without oxygen at temperatures chosen to reach sharp LEED patterns. For annealing temperatures less than about 500 C sharp patterns of ideal hexagonal symmetry develop according to a first oxide phase which has recently been shown to correspond to a Co 3 O 4 111 phase according to the oxygen rich conditions of the preparation procedure [14] . For annealing temperatures larger than about 500 C this oxide transforms-under simultaneous loss of oxygen-into a new phase with 1:1 stoichiometry.
In the present work we concentrate on this phase. Already for only 5 MLE thick films there are no diffraction contributions from the substrate due to the finite electron penetration. The films exhibit LEED patterns with a unit mesh close to that of native rocksalt-type CoO(111). The latter's lattice parameter is a R 4:260 A; i.e., the in-plane hexagonal unit-mesh length is a R;p a R = 2 p 3:012 A. The corresponding LEED pattern is shown in Fig. 1(a) for a sample temperature of about 60 C. Because of the substrate's square symmetry the oxide grows in two orthogonal domains (see the two unit cells inserted). Evaluation of the shape and size of the cell and transformation to real space reveals a slight distortion of the ideal hexagon as visualized in panel (b). This comes by the film cell assuming the substrate's periodicity in one of the h011i directions while in the other one the native film periodicity appears to be preserved within the limits of error. As a consequence, the unit-mesh vector in direction of the periodicity with the substrate is expanded by about 3% to a (100)). Correspondingly, the unit-mesh angle is distorted to a value close to 61 . For sample temperatures below about 50 C the (1 1) phase shown in Fig. 1 (a) transforms reversibly into a 3 p 3 p R30 superstructure. Therefore, even though the superstructure spot intensities are very low indicating that the corresponding modification of the (1 1) phase is very small, we have taken the I(E) spectra at 120 C whereby a film of 6 MLE thickness annealed at 600 C was chosen.
The off-hexagonal distortion of the (1 1) cell disappears for films with N Co > 7 MLE and the lattice parameter gradually assumes the CoO bulk value. LEED spectra were also taken for a film of N Co 50 MLE thickness, equivalent to about 100 Å (note that for the distorted (undistorted) film N Co MLE correspond to 1:111:07 N Co bilayers of CoO each of 2.460 Å height).
For the STM investigations we had expected to have access only to the morphology of the films due to the to-beexpected insulating or semiconducting character of the oxide. Indeed, this was the case for the thick film as displayed in Fig. 2(a) . Images could only be recorded with tip voltages of above 1.4 V (below ÿ1:4 V) and atomic resolution could hardly be achieved. Surprisingly, for low film thicknesses images could be taken routinely with voltages in the mV range and with atomic resolution The full crystallographic structure comes only by evaluation of the LEED intensities which was realized by application of the perturbation method TENSORLEED [13, 15, 16] using the ERLANGEN code [17] . For the structural search a frustrated simulated annealing procedure [18] was applied controlled by the Pendry R factor to compare spectra on a quantitative scale [19] . A total of 14 phase shifts calculated following Ref. [20] and corrected for thermal vibrations were used as is especially important for intensities taken at elevated temperatures, here 120 C. As the STM images reveal well-ordered surfaces, no defects-as vacancies for instance -needed to be considered. Electron attenuation was simulated as usual by an optical potential, V 0i 4:0 eV. The real part of the inner potential was taken energy dependent according to Ref. [20] in order to account for the energy dependence of the exchange-correlation potential. In the structural search vertical interlayer spacings, d i;i1 , were varied as defined in Fig. 3 as well as the vibrational amplitudes of 
016103-2 scatterers (independently for surface and subsurface species). For the thin film which-due to the distorted hexagon-owns only one mirror plane, also lateral atomic displacements parallel to the mirror plane were allowed. In a first step the native fcc-type stacking of rocksaltstructured CoO was assumed, i.e., fAcBaCbg as denoted by starting at the top [see Fig. 3(a) ]. As a surprise, no agreement between measured and calculated intensities could be achieved, neither for the Co nor for the O terminated surface; i.e., the Pendry R factor was R > 0:5 for all parameter combinations (note that R 0 for identical, R 1 for statistically uncorrelated and R 2 for anticorrelated spectra). This holds for both the thin and thick film. So, in a next step stacking faults were allowed between the first 6 layers with the vertical spacings varied simultaneously. A superb agreement between experiment and model calculations resulted for the oxygen terminated surface with a registry shift in the topmost Co layer (c ! b) as illustrated in Fig. 3(b) . This leaves the surface in a wurtzite-type structure within the first four layers (with Co in tetrahedral sites) and the rocksalt-type structure (with Co in octahedral sites) from the fourth layer on deeper into the surface. The best-fit R factor is as low as R 0:093 for the thin film and the equally favorable visual comparison is demonstrated in Fig. 3(c) for two selected beams. As a consequence, the variance of the R factor by which the statistical errors for the parameters can be estimated [19] , is also very low, varR 0:013. This results in error limits between about 0:01 and 0:03 A depending on the depth of the spacing under consideration. For the thick film the theory-experiment fit is of almost the same favorable quality (R 0:114).
The interlayer spacings determined for the thin and thick film are given in Table I (the surface parallel displacements allowed for the thin film result to be very small, i.e., 0.02 Å at maximum, and so are omitted). The crystallographic structures of the two film surfaces are essentially the same; i.e., the discrepancies are 0:02 A for all spacings corresponding to about the error limit of our structure determination as estimated by the R factor's variance. Also, the spacing below the 8th layer, which was assumed to be constant and was fitted to the experimental data, is almost the same for both films (1.22 and 1.23 Å , respectively) and compares quantitatively with the bulk spacing in rocksalt CoO crystal (1.230 Å ). The appearance of the wurtzite structure within also the thick film's surface, which exhibits no unit cell distortion, proves that the latter is not responsible for the switch from rocksalt to wurtzitetype structure near the surface.
Experimentally A for the equatorial and vertical bonds of cobalt with oxygen, respectively. Interestingly, the structure has been predicted to be unstable by very recent DFT calculations [6] , whereby the oxygen ions tend to move along the c axis eventually being in-plane with cobalt ions (of course this structure is still energetically less favorable than rocksalt CoO). By this process the unit cell parameters are reported to contract (expand) We via the quantities r and k ). For comparison with our results, c 0 W =2 3:06 A has to be compared to the sum of two subsequent layer spacings within the wurtzite-type part of our structure. For that we can certainly not involve d 12 as this is subject to relaxations which, for oxide surfaces, can be rather drastic (e.g., as large as 50% in Co 3 O 4 111 [14] ). However, we can use the second and third spacing as, concerning d 23 , the registry shift of the Co layer is directly involved, and as d 34 deviates substantially from the value applying to the rocksalt structure (1.23 Å ). As a consequence a slab comprising TABLE I. Results for the vertical layer spacings as defined in Fig. 3 for the thin and thick oxide film (all values in Å units). [2, 5, 6 ] vary rather dramatically. Second and more importantly, they all refer to bulk samples, whereby in the present cases we have a thin slab which is close to a surface on the one side and resides on rocksalt-type CoO on the other side.
Eventually, we address the issue of polarity of our films. As there are surface parallel layers of alternating positive and negative charges (nominally only differing in sign) the film cannot be stable up to infinite thickness because of the diverging electrostatic energy. As the surface is oxygen terminated, polarity compensation has to come by a reduced electronic charge in the top layer(s) [21] . We can exclude oxygen vacancies as well as positively charged species adsorbed due to our STM images and the superb quality of the LEED fit. With a background pressure of <10 ÿ10 mbar we can also exclude hydrogen-induced hydroxyl formation. So, electronic states-which would be occupied in an ideally bulk-terminated surface-must be (partly) emptied. Indeed, the substantial top layer relaxation is consistent with such a dramatic change in surface electronic states. They can be localized or band states, in both cases the Fermi energy has to pass them when the ideal bulk truncated surface is modified for polarity compensation. The fact that our STM achieves atomic resolution with voltages in the mV range for thin films strongly indicates that we have a metallic surface (for thick films this is not of help because of the thick insulating part of rocksalt CoO). So, the switch to wurtzite-type CoO within the surface might be intrinsically connected with the energy gain coming by polarity compensation.
Unfortunately, first principle calculations are rather controversial concerning the metallic character of wurtzitetype CoO. In Ref. [2] it is reported on the basis of the local spin density approximation (LSDA) that there is metallic behavior. However, calculations considering additional electron correlations (LDA U approximation) find no electronic states near the Fermi level [5] . In contrast, other more recent calculations using also the LDA U approximation find that electronic states extend up to the Fermi energy [6] . Yet, as already mentioned, in all cases bulk samples of wurtzite-type CoO were calculated and not, as applying in the present case, a rocksalt-structured thin slab embedded between vacuum and rocksalt CoO. The present work might trigger corresponding new calculations.
In conclusion we have shown that CoO films grow epitaxially in the polar (111) orientation. Though the bulk of the films is of rocksalt structure, they are terminated by a thin slab of wurtzite-type CoO which does not exist as a stable bulk phase. As a consequence, CoO films of nanosized thickness should not be understood as a crystallographically pure phase. The surface of the films appears to be metallic and this seems to be connected with polarity compensation of the sample. These findings should have substantial consequences for the use of CoO in physics and applications on the nanoscale.
The authors are indebted to Deutsche Forschungsgemeinschaft (DFG) for financial support.
